Abstract mRNA injection into the ventral blastomeres of Xenopus embryos of mRNA encoding Wnt pathway genes induces a secondary axis with complete head structures. To identify target genes of the pre-MBT dorsalization pathway that might be responsible for head formation in zebra®sh, we have cloned zebra®sh dickkopf1 (dkk1), which is expressed in tissues implicated in head patterning. We found that dkk1 blocks the post-MBT Wnt signaling and dkk1 is a target of the pre-MBT Wnt signaling. Dkk1 overexpression in the prechordal plate suggests that Dkk1, secreted from the prechordal plate, expands the forebrain at the expense of the midbrain in the anterior neural plate. Furthermore, dkk1 acts in parallel to the homeobox gene bozozok and bozozok is required for the maintenance of dkk1 expression. The nodal gene squint is also required for the maintenance of dkk1 expression. Among the mutually dependent target genes of the pre-MBT Wnt signaling, dkk1 plays an important role in patterning the anterior head of zebra®sh. q
Introduction
The two-signal model has been proposed to explain patterning of neuroectoderm along the antero-posterior (A-P) axis (Nieuwkoop, 1952; Toivonen and Saxen, 1968) . In this model, neuralization occurs by the ®rst signal (activator), emanating from the prechordal endomesoderm (early-involuting mesoderm: early organizer), that converts ectoderm to neural tissue of an anterior-type (fore-and midbrain). Posteriorization occurs subsequently by the second signal (transformer), emanating from the notochord precursors (late-involuting mesoderm: late organizer), that modi®es the already neuralized ectoderm into more posterior types of neural tissue (hindbrain and spinal cord). Several lines of evidence suggest, however, that the prechordal endomesoderm plays an important role in dorso-ventral (D-V) patterning rather than in anterior patterning of neuroectoderm. Ablation of the embryonic shield, the zebra®sh equivalent of the Xenopus organizer, leads to absence of axial mesoderm including the prechordal plate, but to normal A-P neural patterning (Shih and Fraser, 1996) . Zebra®sh mutants at the one-eyed pinhead (oep) locus, which lack the prechordal plate, have smaller anterior neural structures but a fairly normal A-P pattern in the neural plate (Schier et al., 1997; Strahle et al., 1998) . Furthermore, in embryos homozygous for mutations in both the squint (sqt) and cyclops (cyc) genes (Feldman et al., 1998) and Antivin-overexpressing embryos (Thisse and Thisse, 1998) , A-P neural patterning remains largely unaffected, although no prechordal plate and notochord form. Recent studies suggest that the anterior endoderm in Xenopus and its topological equivalent, the anterior visceral endoderm (AVE) in mice play a fundamental role in head formation (reviewed in Bouwmeester and Leyns, 1997; Niehrs, 1999 and references therein) . However, anterior endoderm as well as prechordal mesoendoderm is formed in response to the early dorsalizing pathway (Bouwmeester et al., 1996) . We expected that identi®cation of target genes of the early dorsalizing pathway would lead to insights into the mechanism of the anterior head formation and patterning.
To date, many genes responsible for the early dorsalization pathway, including organizer formation and organizer signaling have been cloned, mainly in Xenopus. Most of the early dorsalization pathway genes induce a secondary axis which lacks the anterior head structures. However, genes in the pre-MBT Wnt signaling, such as dishevelled (dsh), a mutant form of glycogen synthetase kinase-3 (gsk-3), bcatenin and siamois (sia) ef®ciently induce a secondary axis including anterior head structures (reviewed in Cadigan and Nusse, 1997) . In Xenopus and zebra®sh, Wnt signaling is involved in early dorsoventral axial patterning at two stages, before and after the midblastula transition (MBT; Moon et al., 1997; Kane and Kimmel, 1993) , which we refer to as the pre-MBT and the post-MBT Wnt signaling, respectively. The pre-MBT Wnt signaling, which does not require the interaction between Wnt ligand and its receptor Frizzled (Fz), is thought to mediate the early dorsalizing signal (Moon et al., 1997) . In contrast, the post-MBT Wnt signaling requires the interaction between Wnt and Fz. We therefore hypothesized that genes responsible for anterior head patterning should be targets of the pre-MBT Wnt signaling. Niehrs and colleagues proposed that head organizer activity needs to inhibit both Wnt and BMP signaling (two-inhibitor model; Glinka et al., 1997) . They cloned Xenopus dickkopf1 (Xdkk1) based on its complete second head inducing ability in embryos in which BMP signaling is inhibited by the co-injection of dominant negative BMP receptor RNA (Glinka et al. 1998 ). Xdkk1, which inhibits Wnt signaling extracellularly, is expressed in the Spemann organizer and prospective prechordal plate, both of which are potential head inducing tissues.
The two-inhibitor model seems incompatible with our working hypothesis that head inducers should be targets of the pre-MBT Wnt signaling. This incompatibility, however, can be reconciled if it is assumed that the pre-MBT Wnt signaling activates Wnt inhibitors. We thus cloned a zebra®sh dkk1 orthologue and showed that dkk1,which inhibits post-MBT Wnt signaling, is one of the targets of the pre-MBT Wnt signaling. The results presented here provide evidence that dkk1 does function in anterior neural plate patterning. We also report interactions between dkk1 and two other targets of pre-MBT Wnt signaling, bozozok/ dharma (we refer to boz hereafter) and sqt. These interactions between targets of the pre-MBT Wnt signaling have important implications for the orchestrated action of the organizer in neuroectodermal patterning.
Results

dkk1 is expressed in the yolk syncytial layer and anterior hypoblasts
Two clones encoding a zebra®sh dkk1 homologue were obtained through low stringency screening of a zebra®sh shield stage cDNA library with Xenopus dkk1 cDNA (Glinka et al., 1998) . These clones contained an open reading frame encoding a putative protein of 241 amino acids with a signal sequence in its N-terminal region and two cysteine-rich domains (Fig. 1A) . We refer to this gene as zebra®sh dkk1.
Northern blot analysis revealed a single band for the dkk1 transcript (Fig. 1B) . dkk1 message cannot be detected in cleavage stage embryos nor in the ovary, suggesting that there are no dkk1 maternal transcripts. From the sphere stage, slightly after the MBT, dkk1 started to be expressed and expression was maintained at the same level during gastrulation. After its peak during early somite stages, the dkk1 signal gradually decreased. dkk1 was still found in hatching-stage embryos, but not in adult ®sh.
To assess the function of dkk1 for anterior head patterning, the localization of dkk1 transcripts in the potential head patterning tissue during early development were examined by whole-mount in situ hybridization (Fig. 2) . dkk1 tran- Conserved amino acids are in shadowed boxes. Two cysteine-rich domains (Cys 1 and Cys 2) are underlined. One of these cysteine-rich domains (Cys 1) has the consensus amino-acid sequence referred to as CXVCX2CX6CX5CCX4CX2GX-C (Glinka et al., 1998) . The other (Cys 2) also has the consensus sequence (GX2GX2C-X4DCX2GXCCAXVCXPX4GX2CXVRCXCX2GLXC) with the one exception that the third glycine in the sequence is a threonine. The overall homology of zebra®sh Dkk1 to Mdkk1 is 51.0% and to Xdkk1, 45.1%. (B) Temporal expression of dkk1 during development. Total RNAs from different stages were separated and probed with dkk1 in the upper panel. The bottom panel shows bands of 18S ribosomal RNA as a loading control. scripts were initially detected around the high stage (3.5 h post fertilization) in one side of the blastoderm margin (Fig.  2B ). Double staining with boz (Yamanaka et al., 1998; Fekany et al., 1999) revealed that this expression corresponds to the future dorsal side (data not shown). At the sphere stage, dkk1 is transcribed in the yolk syncytial layer (YSL) and the dorsal margin of the blastoderm (Fig.  2C,D) , as con®rmed by simultaneous labeling of goosecoid (gsc) (data not shown; Stachel et al., 1993; Schulte-Merker et al., 1994) . This early expression pattern of dkk1 is similar to that of bozand is maintained until 40% epiboly. At 50% epiboly, dkk1 mRNA accumulates in cells around the circumference of the blastoderm margin (Fig. 2E) . At the onset of gastrulation, the dkk1 signal was detected in involuting hypoblast cells but no longer in the YSL (Fig. 2F,G) . The dkk1 expression in marginal cells disappears after the shield stage and the signal in the hypoblast persists during gastrulation in a graded fashion from anterior to posterior (Fig. 2H±J) . Only cells at the anterior-to mid-hypoblast margin express dkk1 during gastrulation (Fig. 2H,J) . The signal in the hypoblast disappears in a posterior to anterior fashion as gastrulation proceeds and is completely lost by the three-somite stage (Fig. 2K) . At 90% epiboly, new dkk1 expression domains appear weakly in lateral sides of the embryonic axis caudal to the otic vesicles (Fig. 2J ). These expression domains converge towards the caudal and coalesce behind the closing yolk plug (Fig. 2L) . In summary, dkk1 is expressed in the YSL and the prechordal plate, both of which are potential head inducing and patterning tissues (Toivonen and Saxen, 1968; Nieuwkoop, 1985; Houart et al., 1998) .
2.2. Dkk1 is activated by the pre-MBT Wnt-signaling and inhibits the post-MBT Wnt-signaling
We ®rst investigated whether dkk1 inhibits the post-MBT Wnt-signaling in zebra®sh. Co-injecting zebra®sh wnt8 (wnt8) and zebra®sh frizzled ( fz) RNA at a dose with which injection of each RNA alone does not induce any effects, induces secondary axis at a high frequency by arti®cially mimicking the pre-MBT Wnt signaling unpublished data; Fig. 3A) . Secondary axis induction by wnt8 and fz RNA co-injection was completely inhibited by co-injection of dkk1 mRNA (Fig. 3B) . In contrast, co- Frequencies of the secondary axis induction (y axis) in embryos injected with 0.1 pg of wnt8 RNA, 25 pg of fz2 or fz5 RNA and 6, 12, or 25 pg of dkk1 RNA at the one or two cell stage. None of the wnt8 RNA injected embryos showed a secondary axis (0/259) and 25pg fzRNA injection rarely induces secondary axes (fz2; 0/128, fz5; 1/122). Only co-injection of wnt8 and fz induces secondary axes at high ef®ciency (wnt8 1 fz2; 32/117, wnt8 1 fz5; 33/118). Co-injection of wnt8, fz and dkk1 inhibited induction of secondary axes in a dose dependent manner (6 pg dkk1 with fz2 1 wnt8; 3/126 and fz5 1 wnt8; 1/161, injection of dkk1 RNA did not inhibit dorsalization caused by dominant negative Xgsk3 or b-catenin RNA injection (data not shown). To check whether dkk1 is a secreted protein, FLAG-tagged dkk1 was transfected into COS7 cells and western blot analysis of the culture supernatant was carried out (Fig. 3C ). The major band in the cell lysate migrated as a protein of relative molecular mass 26 000 (26K) and the major band in the culture medium migrated as a protein of 43K, suggesting that Dkk1 is secreted and post-translationally modi®ed before secretion. These results suggest that Dkk1 blocks Wnt signaling extracellularly. As Dkk1 is expressed after MBT, we concluded that Dkk1 blocks the post-MBT Wnt-signaling. We next examined whether dkk1 is a target of the pre-MBT Wnt-signaling. Embryos injected with b-catenin RNA expressed dkk1 ectopically in the blastoderm at the sphere stage, coincident with the timing of endogenous dkk1 expression (Fig. 3D±F ). Taken together, these results suggest that dkk1 is a target gene of the pre-MBT Wntsignaling signaling and dkk1 is able to inhibit the post-MBT Wnt signaling in the putative head patterning tissue.
Dkk1 ubiquitous overexpression expands the forebrain at the expense of the midbrain in anteriorized embryos
We analyzed the function of dkk1, ®rst by injecting dkk1 RNA into one to two cell stage embryos at several doses (12.5±500 pg) to ubiquitously overexpress Dkk1. The anterior head region including the telencephalon and eyes was expanded and the trunk and tail regions displayed graded truncation depending on the amount of injected dkk1 RNA (class I±IV in Table 1 and Fig. 4A ). One-third of embryos injected with higher doses (200 or 500 pg) of dkk1 did not form the notochord and somites. The otic placodes of dkk1 injected embryos became smaller in a dose-dependent manner (Fig. 4A ,C,D).
By using molecular markers, we ®rst investigated the effect of dkk1 RNA injection on mesoderm patterning (Fig. 5 ). Essentially similar results were obtained at a low dose (25 pg, shown in Fig. 5 ) and a high dose (200 pg) of dkk1 RNA injection. In mid to late gastrula, expression domains of dorsoanterior mesoderm (prechordal mesoderm) markers such as gsc (Fig. 5A ,B) and hlx1 ; data not shown) were expanded, whereas expression of dorsoposterior mesoderm markers, twist (twi; Halpern et al., 1995) (Fig. 5C ,D) and no tail (ntl; Schulte-Merker et al., 1992; data not shown) became shortened and broadened in injected embryos. In contrast, the paraxial mesoderm, labeled with myoD ( Fig. 5E,F ; Weinberg et al., 1996) and the ventral mesoderm (blood primordia) labeled with gata1 ( Fig. 5G,H ; Detrich et al., 1995) , were decreased. At the 12-somite stage, the intermediate mesoderm (pronephros primordia) stained with pax2 ( Fig. 5I,J ; Krauss et al., 1991) was also reduced. At the shield stage, there was no ectopic expression of gsc or chordin (chd) in the ventral side (Schulte-Merker et al., 1997; Miller-Bertoglio et al., 1997) . However, gsc and chd expression domains were expanded Table 1 . dkk1 RNA injection induces the expansion of head structures including eyes and the truncation of the trunk region. (B±D) Lateral view of the head region, control injection (B), the telencephalon, eyes and the tectum are expanded at 25 pg dkk1 RNA injection (C), the telencephalon and eyes are expanded but the tectum is reduced at 200 pg injection (D). Arrowheads in (B±D) indicate the midbrain-hindbrain boundary. Abbreviations: otic vesicles, ov; tectum, tec; telencephalon, tel. Scale bar (A), 250 mm; (B±D), 100 mm.
laterally (Fig. 5K,L).
Marginal mesoderm was reduced, as judged by the expression of ntl (Fig. 6M ,N) and wnt8 (Kelly et al., 1995, data not shown) . From these results, we concluded that ubiquitous overexpression of Dkk1 dorsalizes mesoderm. It is reported that the marginal mesoderm plays an important role in posteriorizing the neural plate in zebra®sh (Woo and Fraser, 1997) . As RNA injection of another Wnt antagonist fzb1 also reduces marginal mesoderm and anteriorizes embryos, we suspected that anteriorization of the dkk1 RNA injected embryos (Fig. 4) are caused by ectopic Dkk1 expression in marginal mesoderm. We next examined the effect of dkk1 RNA injection on neural ectoderm using RNA probes. The expression domain of emx1 (Morita et al., 1995) , corresponding to the dorsal telencephalon, was strongly expanded even after injection of low doses of dkk1 RNA (Fig. 6A±C) . In contrast, krox20 (krx20) (Oxtoby and Jowett, 1993) expression domains, corresponding to rhombomeres 3 and 5, were reduced in a manner dependent on the dose of injected RNA (Fig. 6B,C) . Notably, rhombomere 5 was more affected than rhombomere 3. It thus appears that the more anterior structures became more expanded in low dose RNA injected embryos. At high doses of dkk1 RNA injection, forebrain structures (telencephalon and eyes) are expanded and midbrain structures (tectum) are coordinately reduced (Fig. 4B±D) . wnt1 is expressed from just posterior to the epiphysis that belongs to the diencephalon and its posterior limit corresponds to the MHB ( Fig. 6D±F ; Molven et al., 1991) . axial labels ventral Fig. 5 . Dkk1 overexpression affects dorsovental patterning of mesoderm. After injection of 25 pg dkk1 mRNA, embryos and their uninjected siblings were probed using gsc (A,B,K,L), twist (C,D), myoD (E,F), gata1 (G,H), pax2 (I,J) and ntl (M,N). (A,C,E,G,I,K,M) controls injected with lacZ RNA and (B,D,F,H,J,L,N) dkk1 RNA injected embryos. gsc expression at 90% epiboly (A,B; animal pole view, dorsal to the bottom) and twist expression at 90% epiboly (C,D; dorsal view, animal pole to the top) shows that anterior dorsal mesoderm is expanded. The total area of labeled posterior dorsal mesoderm did not seem to be changed. myoD expression at 75% epiboly, (E,F; dorsal view, animal pole to the top), gata1 expression at the 10-somite stage (G,H dorsoposterior view) and pax2 expression at the 10-somite stage (I,J; dorsal view of¯attened embryos, anterior to the left, shows that ventrolateral mesoderm is reduced in injected embryos. Arrows, open arrows, open arrowheads, closed arrowheads in (I,J) indicate pax2 expression in the optic stalk, midbrain-hindbrain boundary, otic placodes and pronephros, respectively. Anterior structures such as the optic stalk is enlarged, whereas posterior structures such as the otic placode and pronephros are reduced. (K±N) At the shield stage, gsc expression is expanded (K,L; dorsal view, animal pole to the top) while ntl expression, (M,N; lateral view, animal pole to the top), is reduced. Scale bar, 150 mm.
neural tube caudally from the posterior diencephalon ( Fig.  6G±I ; Strahle et al., 1993; Macdonald et al., 1994) . axialand her5 labeling includes the ventral midbrain region as well as the posterior diencephalon (Fig. 6G±I) . Accordingly, we tentatively de®ned the midbrain region dorsally by wnt1 and ventrally by axial and her5. In low dose dkk1 RNA injected embryos, the size of the midbrain region was only slightly reduced (Fig. 6E,H) . In high dose injected embryos, the midbrain region was apparently reduced (Fig. 6F,I ). The ratio of the forebrain (telencephalon and anterior diencephalon) to the midbrain region is roughly 2:3 in wild-type embryos (Fig. 6D,G) . This ratio is approximately 1:1 in low dose injected embryos, (Fig. 6E ,H) and 3:2 in high dose injected embryos (Fig. 6F,I ). To determine if these alteration of neural pattering by dkk1 RNA injection occurs during gastrulation at the stage when neural plate speci®cation takes place, we examined the expression of several A-P neural plate markers during gastrulation. In a low dose injected embryos, otx2,which marks the future forebrain and the midbrain (Mori et al., 1994; Li et al., 1994) , was expanded posteriorly at the expense of the posterior neural marker hoxa1 (Alexandre et al., 1996; Fig. 6K) . At the bud stage, the expression domain of emx1 in the presumptive telencephalon was extended posteriorly and the pax2 expression domain, which corresponds to the future MHB, was shifted posteriorly (Fig. 6M) . These results con®rm that the low dose dkk1 RNA injection anteriorize the neural plate speci®cation. The area of the future midbrain region can be assessed by her5, which is expressed in the midbrain region until late gastrulation (Muller et al., 1996) . The expression domain of her5 became thinner in a dose dependent fashion and about 80% of embryos injected with high amount of the RNA did not have the her5 stripe (Fig. 6O ). This result was further con®rmed by the double labelings for otx2 and anf1 (Kazanskaya et al., 1997) . In double labeled embryos, the midbrain domain expressing only otx2 but not anf1 can be readily seen (Fig. 6P,Q) . This domain was signi®cantly reduced (Fig. 6R) or absent in dkk1 RNA injected embryos (Fig. 6S) . The size of the neural plate in the gastrulae was not changed, as judged by the expression domain of gata3 (Neave et al., 1995) and dlx3 (Akimenko et al., 1994) (data not shown).
Taking together the effect of Dkk1 ectopic expression on neuroectoderm and mesoderm, we concluded that the forebrain is expanded at the expense of the midbrain in the anteriorized embryo in a dose dependent manner of injected dkk1 RNA. We, therefore, carried out experiments to overexpress dkk1 only where it is expressed during normal development by excluding the effect of Dkk1 ectopic expression in marginal mesoderm.
Dkk1 secreted from the prechordal plate may directly act upon the anterior neuroectoderm
We transplanted mammalian COS7 cultured cells transfected with FLAG tagged dkk1 (Dkk1 COS7) into the prechordal plate region in order to locally overexpress Dkk1 (Fig. 7A) . The embryos grafted with Dkk1 COS7 cells had enlarged eyes and expanded telencephalon at 24 h compared to the controls (Fig. 7C) . The more posterior structures appeared normal. In situ hybridization analysis of these embryos with emx1, her5 and krx20 revealed that the dorsal telencephalon, labeled by emx1, was expanded while the expression of her5 and krx20 remained unaltered (Fig.  7E) . Neither otx2 nor hoxa1 expression at the end of gastrulation was affected by the transplanted Dkk1 COS7 cells (data not shown). Conversely, the expression domain of anf1 was expanded posteriorly (Fig. 7G ) and the midbrain region only expressing otx2 but not anf1 was reduced in Dkk1 COS7 transplanted embryos (Fig. 7I) . These results suggest that Dkk1 overexpression in the prechordal plate alters neural speci®cation within the fore-and midbrain. In contrast to the phenotype of Dkk1 ubiquitous overexpression (Fig. 4A) , reduction of posterior structures were not observed when Dkk1 was overexpressed only in the prechordal plate. Thus, reduction of posterior structures, such as tail, trunk and hindbrain (Figs. 4A and 5B,C) is therefore likely to be due to ectopic expression of Dkk1 in other tissues, probably in the marginal mesoderm that has the posteriorizing activity (Woo and Fraser, 1997) . Notably, Dkk1 COS7 cells did not affect the prechordal plate or notochord as judged by expression of gsc and ntl (data not shown).
To test whether Dkk1 patterns neuroectoderm directly, or indirectly by upregulating other factors emanating from the prechordal plate, Dkk1 COS7 cells were transplanted into the animal pole of oep mutants, which lack the prechordal plate. We reasoned that if Dkk1 was able to affect neuroectoderm directly, the anterior head region of the oep mutants would be expanded despite the absence of the prechordal plate after Dkk1 COS cell transplantation. The size of the anterior head region in oep homozygous mutants was dramatically rescued (Fig. 7K) , although the eyes were still fused (Fig. 7M) . Analysis of several head markers revealed expansion of the dorsal telencephalon in the transplanted oep mutants (Fig. 7O) . Since Dkk1 COS7 cells did not induce a prechordal plate in oep mutants as shown by assaying for the prechordal plate marker gsc (data not shown), we conclude that dkk1 probably exerts its function on anterior head patterning by acting directly upon neuroectoderm.
2.5. dkk1 acts in parallel to boz as a target of the pre-MBT Wnt signaling boz has been shown to be a target gene of the pre-MBT Wnt signaling to be expressed in the YSL and overlying blastoderm at the dorsal margin just after the MBT. boz RNA injection can induce an ectopic organizer (Yamanaka et al., 1998) . Similarity in the spatiotemporal pattern of expression between dkk1 and boz led us to investigate the possible relationship for their induction. The expression of boz was not affected in embryos injected with dkk1 RNA (25 and 100 pg) at the sphere (0/593 embryos) nor the shield stage (0/612). The expression of dkk1 in embryos injected with boz RNA (2 and 20 pg) was not altered at the sphere stage (0/583 for 2 pg and 0/566 for 20 pg), whereas gsc expression was enhanced (241/265) as reported previously (Yamanaka et al., 1998) . These results suggest that expression of boz and dkk1 are initiated independently.
boz mutants have variable penetrance and expressivity depending on the genetic backgrounds. In boz m168 mutants Solnica-Krezel et al., 1996; , in which all boz activity is absent (Fekany et al., 1999) , dkk1 expression was reduced only at the shield stage, while 9.7% of the embryos in the same clutch subjected to this in situ analysis displayed the strongest boz phenotype (Class I phenotype of Fekany et al., 1999) (Table 2 ). This result suggests that boz is required not for the initiation but for the maintenance of dkk1 expression. Given that dkk1 acts in parallel to boz, all embryos from boz heterozygote crosses injected with b-catenin RNA should express ectopic dkk1at the sphere stage.As shown in Table 2 , ectopic dkk1 induction by b-catenin RNA injection does not require boz. Taking these results together, we conclude that dkk1 is induced by the pre-MBT Wnt signaling in a boz-independent manner.
Interestingly, dkk1 RNA injection into embryos from boz heterozygous parents completely rescued the de®ciency in both the axial mesoderm and anterior neural structures (1) at the shield stage, remained to be integrated into immigrating prechordal plate at 90% epiboly. COS7 cells transplanted next to the embryonic shield (2) at the shield stage moved up to the animal pole with involuting hypoblast, resulting in their localization within the prechordal plate at the 90% epiboly stage (Koshida et al., 1998) . (B±E) At 24 h, transplanted Dkk1 COS7 cells detected by anti-FLAG antibody (arrow in E) expand the head of the live embryo (C) (27/29). emx1, her5, krx20 in situ labeling showed that the dorsal telencephalon is expanded (arrowhead in E) (19/22), whereas other structures remained normal (E) (22/22 ( Table 3 ; Fig. 8 ). Most of the dkk1 RNA injected embryos from the bozheterozygous crosses showed expanded heads, as did wild-type embryos injected with dkk1 RNA. Notably, RNA injection of fzb1, the secreted form of the Wnt receptor fz, which blocks the interaction of Wnt ligand and its receptor, also completely rescued the boz phenotype (Table 3) . In contrast to this complete rescue by dkk1 and fzb1 RNA injection, sqt RNA injection induced axial mesoderm, but only ectopically, in boz mutants.
sqt is required for the maintenance of dkk1 expression
We investigated the relationship between dkk1 and another target of the pre-MBT Wnt signaling, sqt (W. Talbot, personal communication). Although the expression of dkk1 in the YSL was unaltered, dkk1expression in blastoderm was strongly reduced in sqt mutants (Table 4) . However, sqt RNA injection caused ectopic dkk1 expression only at the shield stage but not at the sphere stage, suggesting that sqt is not suf®cient for the initiation of dkk1 expression (data not shown). Conversely, dkk1 RNA injection did not induce ectopic expression of sqt (0/653) nor cyc (0/621), both of which are nodal-related genes required for formation of the prechordal plate in zebra®sh (Feldman et al., 1998; Rebagliati et al., 1998; Sampath et al., 1998) . We concluded that sqt is required for the maintenance of dkk1 expression.
Discussion
The relationship of dkk1 with other targets of the pre-MBT Wnt signaling
As Xdkk-1 is activated by LiCl treatment and its mRNA injection does not induce the homeobox gene siamois (sia), a direct downstream target of the pre-MBT Wnt pathway (Carnac et al., 1996) , Glinka et al. inferred that Xdkk-1 may act downstream of sia. Although it is not known whether boz is functionally equivalent to sia in zebra®sh, our data suggest that dkk1 acts in parallel to boz in the pre-MBT Wnt signaling pathway. Firstly, dkk1 expression is ectopically activated by b-catenin RNA injection (Fig. 3E,F) and boz is not required for the ectopic initiation of dkk1 expres- The results of three independent experiments are combined in this table. A clutch was divided into three samples; one sample was raised for phenotypic classi®cation of boz phenotype, one sample was injected with b-catenin RNA and the rest of the clutch was uninjected. The latter two portions were ®xed at the sphere stage for dkk1 in situ hybridization analysis. The phenotypic classi®cation of the clutches used in these experiments was, I; 97%, II; 3.0%, III; 17.0%, IV; 0.6%, V; 1.8% and wild type 67.9%. *Embryos were genotyped retrospectively to determine if the change of dkk1 expression was correlated with the boz mutation. a Each clutch of boz heterozygote crosses was divided into seven samples. Five samples were injected with different amounts of dkk1 RNA and fzb1 RNA. Two samples were uninjected; half of these were used as a control for in situ hybridization analysis and the rest were raised for the boz phenotypic scoring. The expressivity of boz phenoype was as follows: class I; 9.4%, II; 5.0%, III; 13.8%, IV; 1.3%, V; 0.6%. Embryos were ®xed at the three-somite stage and subjected to double in situ hybridization with hgg1 and ntl. (Fig. 8) . The results of three experiments are combined in this Table. sion by the b-catenin RNA injection (Table 2) . Secondly, boz RNA injection does not initiate ectopic dkk1 expression and dkk1 RNA injection does not induce boz expression. Finally, expression of dkk1 is initiated normally in boz null mutants (Table 2) . Since dkk1 expression is not maintained in the boz mutants, boz may rather be required for the maintenance of dkk1 transcription at later stages ( Table 2 ). The presence of two canonical Lef-1 binding sites in the dkk1 promoter raises the possibility that dkk1 is a direct target of the pre-MBT Wnt-signaling (Fig. 3G) . Further dkk1 promoter analysis would be required to prove this possibility.
It has been shown that boz mutants injected with sqt RNA display ectopic prechordal plate and notochord ( Fig. 8F ; Fekany et al., 1999) . In contrast, dkk1 RNA injection completely rescued the posteriorized phenotype of boz mutants ( Fig. 8; Table 3 ). This complete rescue of posteriorized boz mutants can be attributed to the anteriorizing effect by ectopic dkk1 expression. Firstly, fzb1 RNA injection also completely rescues the boz phenotype. Both dkk1 and fzb1 are Wnt antagonists and anteriorizes embryos when injected as RNA, probably by reducing the formation of marginal mesoderm that posteriorizes the neural plate. Secondly, restricted overexpression of dkk1 in the region where dkk1 is normally expressed affects only the anterior neural plate but does not affect the whole embryo (Fig. 7) . Thus, the complete rescue of the boz phenotype by ubiquitously overexpressing Dkk1 does not necessarily suggest that dkk1 is functionally redundant to boz, nor that dkk1 acts downstream to boz. Fig. 8 . dkk1 RNA injection rescues boz phenotype. Embryos from boz hetetozygote crosses were injected with dkk1 RNA and ®xed at the three-somite stage for probing with hgg1 (orange) and ntl (blue). (A±C) Strong boz mutants showed no hgg1 expression in the prechordal plate nor ntl expression in the notochord (B). Slightly weaker boz mutants showed strongly reduced hgg1 and ntl staining (C) compared with a wild-type sibling (A). (D±E) Most embryos injected with low (D) and high (E) amounts of dkk1 RNA could not be distinguished from wild-type siblings. (F) sqt RNA injected boz mutants showed ectopic prechordal plate and notochord. boz mutants have variable penetrance and expressivity (Fekany et al., 1999) . Only a small proportion of boz mutant individuals show anterior head defects even in a genetic background selected for high penetrance of the phenotype. As boz is not expressed maternally, this variability of the boz mutant phenotype cannot be attributed to the effect of remnant boz maternal transcripts. Therefore, it would be interesting to create boz and dkk1 double mutants to examine expressivity and penetrance of the anterior head defects. This would be a critical test for the functional redundancy of dkk1 and boz in patterning the anterior head.
The pre-MBT Wnt signaling activates boz (Yamanaka et al., 1998), sqt (W. Talbot et al., personal communication) and dkk1 expression in the embryonic shield, the equivalent tissue to the Spemann organizer in Xenopus. Each target gene of the pre-MBT Wnt signaling seems to be assigned overlapping functions, since these three target genes dorsalize mesoderm when injected as RNA, and boz and dkk1 are involved in anteriorizing the neural plate (Fig. 9 ). Both sqtand boz are required for the maintenance of dkk1 expression (Tables 2 and 4 ). Thus, assignment of overlapping functions to each target genes and mutual dependence among the target genes appear to be fundamental to orchestrate the function of target genes of the early dorsalization pathway.
dkk1 may block Wnt signaling indirectly through other Wnt inhibitors
Zebra®sh Dkk1 completely blocks axis inducing Wnt signaling in zebra®sh embryos as do Xdkk1 and Mdkk1 (Fig. 3) . Glinka et al. have suggested that Xdkk-1 acts extracellularly, based on their ®nding that Xdkk1 is a secreted protein and acts upstream to Xdsh as judged by an RNA coinjection study. As they speculated, Xdkk1 may interact with Wnt ligand or Fz receptor directly or it may indirectly inhibit Wnt signaling by activating another signaling pathway. Interestingly, we found that frzb1 expression is enhanced by the dkk1 RNA injection although fzb1 does not enhance dkk1 expression (Shinya et al., unpublished data) . frzb1 encodes the extracellular part of the Fz receptor protein and blocks Wnt and Fz interaction probably by competing for Wnt ligand against Fz receptor Wang et al., 1997) . As Dkk1 has homology to neither Fz nor Wnts, it is thus possible that Dkk1 may inhibit Wnt signaling by upregulating frzb1 expression or indirectly by inducing a tissue that expresses frzb1. Binding studies of Dkk1 with Wnts and Fz are essential to test these two possibilities.
Dkk1 may interact with the signaling that maintains the prechordal plate
It has been reported that heads induced by co-injection of RNA for Xfzb1 and a dominant negative form of Bmp receptor (tBR) into the ventral side of Xenopus embryos are less complete, with fused eyes, compared to those induced by co-injection of Xdkk-1 and tBR RNA. Xdkk1 synergizes strongly with tBR to induce organizer genes compared with dominant negative Xwnt8 (dnXwnt8) (Glinka et al., 1998) . Fzb1 seems to block only Wnt signaling, as Fzb1 is a truncated form of the Fz receptor Wang et al., 1997) .
dkk1 and fzb1 RNA injection have somewhat different effects in zebra®sh. Firstly, although injections of both RNAs result in expansion of the organizer markers (gsc and chd) at the shield stage (Fig. 5L) , only dkk1 injected embryos have expanded prechordal plates in late gastrulae (Fig. 5B) . Secondly, while fzb1 RNA injected embryos have simply anteriorized neural plates and do not affect the midbrain (Fig. 6T ), dkk1 injected embryos have an expanded forebrain at the expense of the midbrain within an anteriorized neural plate (Fig. 5R,S) . Therefore, dkk1 may have some functions in addition to being a Wnt antagonist. Alternatively, dkk1 may block Wnt signaling by a mechanism other than simple Wnt antagonism and thus result in different effects. It appears that dkk1 can somehow maintain induced organizer tissue until a stage when it forms expanded prechordal plate. Therefore, dkk1 might interact with the signaling that maintains organizer tissue as well. In oep mutants, dkk1 can rescue the size of the head but does not restore the prechordal plate and the injected embryos still have fused eyes (Fig. 7M) . As the oep gene acts in nodal-related (ndr) signaling pathway (Gritsman et al., 1999) , it is tempting to speculate that dkk1 may interact with components of the nodal-related pathway upstream to oep for maintaining axial mesoderm.
3.4. Dkk1 expression in the prechordal plate is required for the expansion of the anterior brain It has been suggested that anterior endoderm plays a fundamental role in head induction in Xenopus and mouse. The tissue responsible for head induction is still unknown in zebra®sh. Houart and colleagues reported that the row-1 cells in the anteriormost neural ectoderm pattern anterior brain structures and speculated that the YSL underlying the row-1 cells may be the candidate tissue for their induction (Houart et al., 1998) .
dkk1 expression in the prechordal plate was not observed in oep mutants (data not shown). Since oep mutants develop a forebrain, dkk1 expression in the prechordal plate is not required for head induction. However, oep mutants express dkk1 in the YSL, leaving the possibility that dkk1 expression in the YSL may be inducing a head. In oep mutants, the order of neural structures along the A-P axis remains unaltered as judged from studies of several marker gene expression patterns (Schier et al., , 1997 Strahle et al., 1998) . However, the expression domains of the forebrain makers such as emx1 and anf1 is greatly reduced in oep mutants, indicating that the lack of prechordal plate results in a decrease in the size of the forebrain (Fig. 7J,N) . As Dkk1 COS transplantation into the prechordal plate region of oep mutants completely rescues the size of the forebrain without inducing the prechordal plate, we conclude that Dkk1 secreted from the prechordal plate is essential for the expansion of the forebrain. In contrast to the reduction of the forebrain in zygotic oep mutants, expression of forebrain markers were expanded in maternal zygotic oep (MZ oep) mutants and antivin RNA injected embryos (Thisse and Thisse, 1999) . In zygotic oep mutants, only axial mosoderm is reduced, but in MZ oep mutants and antivin RNA injected embryos, marginal mesoderm including both axial and paraxial mesoderm is strongly reduced from the earlier stages. Early de®ciency of marginal mesoderm, the source of neural posteriorizing might lead to the expansion of the anterior neural tissue such as the forebrain in MZ oep and antivin RNA injected embryos.
3.5. The blockage of the post-MBT Wnt signaling by Dkk1 may generate A-P pattern in the anterior neural plate dkk1 does not seem to act as a speci®c tissue inducer in the neuroectoderm, as enlargement of the forebrain and reduction of the midbrain occur in cells far from Dkk1 COS7 cell transplants (Fig. 7E,O) . It is possible that Dkk1 functions through modulating the action of morphogenic molecules that pattern the anterior neural plate. RNA injection of wnt8b or wnt8, which is expressed in the future midbrain-hindbrain boundary and ventro-lateral marginal mesoderm during mid to late gastrulation respectively, leads to embryos with strongly reduced forebrain (Kelly et al., 1995) . dkk1 overexpression has the opposite effect on anterior neural plate patterning. We, therefore, propose the model that Dkk patterns the anterior neural plate by protecting it from the in¯uence of posteriorizing post-MBT Wnt signaling, although it is not known whether Wnt ligands themselves diffuse in a long distance in vertebrates.
Experimental procedures
Isolation and characterization of dkk1 cDNA clone
The zebra®sh shield stage cDNA library provided by the Resource Center in German Human Genome Project was screened at low stringency with Xenopus dkk-1 cDNA as probe, kindly provided by C. Niehrs. Two clones (MPMGp567L0854Q2 and MPMGp567E15148) out of 25 positive clones were found to encode a Xdkk-1 orthologue. Sequencing of the two clones was performed using synthetic oligonucleotide primers in both directions using an automatic¯uorescent sequencer LONG READIR 4200 (LI-COR). The nucleotide sequence encoding Dkk1 protein as reported in this article has been deposited in the GenBank nucleotide sequence database under the accession number AF116852.
Fish strains
All studies, unless noted, were performed with embryos of AB wild-type strain that have been maintained in the laboratory by inbreeding for several generations. Homozygotes of oep tz257 and boz m168 were obtained from crosses of heterozygotes for each mutant allele.
Preparation of total RNA and Northern hybridization analysis
Total RNAs were prepared by the AGPC (Acid Guanidinium Phenol Chloroform) method (Chomczynski and Sacchi, 1987) . Ten micrograms of denatured total RNA was loaded per lane. Transfer of RNA to the ®lter and hybridization were performed as described in (Sambrook et al., 1989) with some modi®cations.
Western blot analysis
Western blot analysis was performed by the standard method. Proteins were separated by 12% polyacrylamide gels and transferred to Immunobilone membranes (Millipore) by electroblotting. Monoclonal antibody against FLAG was used to detect FLAG-tagged proteins.
Whole-mount in situ hybridization, immunohistochemistry and sectioning
Digoxigenin-labeled and¯uorescein-labeled probes were synthesized by in vitro transcription using T3, T7 and SP6 polymerases. Whole-mount in situ hybridization was carried out by the standard protocol (Schulte-Merker et al., 1992) . Immunostaining with anti-FLAG antibody (Kodak) was performed as previously described (Koshida et al., 1998) with some modi®cations. For the histological analysis, specimens were embedded using the Historesin embedding kit (Leica) and sectioned at 10 mm. Retrospective embryo genotyping for the boz m168 mutation was carried out as previously described (Fekany et al., 1999) .
RNA microinjection
Full-length dkk1, full-length GFP, and out-of-frame dkk1 cDNA were cloned into the CS21 plasmid (Rupp et al., 1994) and capped sense RNAs were synthesized using the mMessage mMachinege in vitro transcription kit (Ambion). mRNAs synthesized were subjected to microinjection into one to two cell stage embryos and injected embryos were grown in 0.3£ Danieau's solution (Wester®eld, 1994) .
COS7 cell transplantation
For transfection and transplantation of COS7 cells, we followed the protocol described in (Koshida et al., 1998) . Two micrograms of DNA mixed with 10 ml Lipofectamine (GibcoBRL) was transfected in a 12-well culture dish. DNA including Xenopus noggin, chordin and lacZ cDNA cloned in pCDM8 (Invitrogen) or dkk1 cloned in FLAG-tagged pCMV-5 vector (Sigma) were used in transfection experiments.
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